Two miRNA clusters, miR-34b/c and miR-449, are essential for normal brain development, motile ciliogenesis, and spermatogenesis
Consistent with previous data (8) , the testis displayed the most abundant expression of all five miRNAs (Fig. 1A ). Other organs with detectable levels of more than one of the five miRNAs included ovary, brain, and lung. Inactivation of either the miR-34b/c or the miR-449 cluster does not cause any discernible phenotype (8, 11, 12) . Given the functional redundancy, it is likely that a lack of one of the two miRNA clusters could have been compensated for by the other cluster. To investigate the physiological roles of this miRNA family, we generated miR-34b/c and miR-449 dKO mice (SI Appendix, Fig. S1 ). All five miRNAs in four organs of the dKO mice, including brain, testis, ovary, and lung, were absent, confirming complete inactivation of the two miRNA clusters ( Fig. 1 B-E) .
Intriguingly, levels of miR-449a and miR-449c were significantly increased in miR-34b/c-null brain, whereas levels of miR-34b and miR-34c were elevated in miR-449-null brain (Fig. 1B) . Similar changes, but to a lesser extent, were observed in the testis of single KO mice (Fig. 1C ). Increased expression of miR-449a/b/c, however, was observed in miR-34b/c-null ovaries and lungs, but there was no concomitant increase of miR-34b/c in miR-449null ovaries and lungs ( Fig. 1 D and E) . This inverse relationship between the expression of one of the two miRNA clusters when Significance Most of the single miRNA gene knockouts display no developmental phenotype. Here, we report that simultaneous inactivation of two functionally overlapping miRNAs, miR-34b/c and miR-449, led to a sexually dimorphic partial perinatal lethality, growth retardation and sterility. Multiple underlying developmental defects, including underdevelopment of the basal forebrain structures, a lack of motile cilia in trachea and oviduct, severely disrupted spermatogenesis and oligoasthenoteratozoospermia, result from the dysregulation of ∼240 target genes that are mainly involved in three major cellular functions, including cell fate control, brain development and microtubule dynamics. This study provides physiological evidence demonstrating an essential role of miR-34b/c and miR-449 in normal brain development, motile ciliogenesis and spermatogenesis. the other is inactivated may reflect a compensatory effect owing to their functional redundancy.
Sexually Dimorphic Partial Perinatal Lethality and Growth Retardation in dKO mice. Although single KO of either miR-34b/c or miR-449 does not cause any abnormalities (8, 12) , dKO mice tended to die at ∼postnatal day 7 (P7), and these dKO pups were grossly smaller than their double-heterozygous (miR-34b/c +/− ; miR-449 +/− ) or "triple-negative" (miR-34b/c −/− ; miR-449 +/− or miR-34b/c +/− ; miR-449 −/− ) littermates (SI Appendix, Fig. S2 ). Analyzing the birth record of a total of 383 pups from the triple-negative breeding pairs (SI Appendix, Fig. S1 ), we found an average lethality rate of ∼46% for dKO mice ( Fig. 2A) . Notably, sexual dimorphism was observed between the dKO pups, with ∼57% of the male and ∼31% of the female dKO pups dying by ∼P7 ( Fig.  2A ). The lethality rate described above could have been greater had dKO pups not been transferred to foster mothers or had their normal littermates not been removed to improve the chance for dKO pups to feed. Therefore, the abnormal feeding behavior in dKO pups appeared to have contributed to the perinatal lethality phenotype. The dKO pups that survived beyond P7 did develop but generally were smaller than their double heterozygous or triple-negative littermates (SI Appendix, Fig. S2 ). Growth retardation was observed in dKO mice from P1 to P20, apparently more severe in the males than the females ( Fig. 2B and SI Appendix, Table S1 ). However, the sexual dimorphism in growth retardation became less obvious after the dKO mice reached adulthood ( Fig. 2C and SI Appendix, Fig. S2 ).
Brain Developmental Defects in dKO Mice. Given the abundant expression of the five miRNAs in brain, it is possible that complete ablation of these miRNAs led to defective brain development, which in turn caused the feeding defects, perinatal lethality, and growth retardation in dKO mice. Because the male dKO mice appeared to be more severe in the brain-related phenotype, we examined male dKO and control (double-heterozygous littermate) brains at embryonic day 18.5 (E18.5). In coronal and sagittal sections, the dKO basal forebrain structures appeared to be smaller compared with controls. In particular, sagittal sections of the E18.5 brains showed that the area of the olfactory tubercle (OT) was significantly smaller in dKO males compared with controls (55.8 ± 6.1% vs. 100%; P < 0.005, t test) (Fig. 3) . The perinatal lethality phenotype in dKO mice is most likely caused by the brain defects, because the dKO mice all have smaller basal forebrain structures, including the caudate putamen (CPu) and the OT. The CPu and OT compose a large sector of the basal forebrain, broadly interconnected with many other brain regions, and are implicated in many functions, including reward pathways, feeding, and social . Expression profiles of the five miRNAs (miR-34b, miR-34c, miR-449a, miR-449b, and miR-449c) encoded by the miR-34b/c and miR-449 clusters in multiple organs of WT and KO mice. (A) Relative expression levels of the five miRNAs in 11 organs of WT mice. Expression levels of the five miRNAs were first determined using TaqManbased qPCR analyses. Relative levels are represented by fold changes, which were calculated by designating the levels in lung as 1. Undetectable Ct values were considered no expression. (B-E) Fold changes in expression levels of the five miRNAs in single-KO (miR-34b/c −/− or miR-449 −/− ) and double-KO (miR-34 −/− ; miR-449 −/− ) mice compared with the WT controls. Expression levels of the five miRNAs were first determined using TaqMan-based qPCR analyses, and fold changes were then calculated by designating the WT levels as 1. Four organs expressing the five miRNAs (A), including brain (B), testis (C), ovary (D), and lung (E), were analyzed. In miRNA qPCR analyses, U6 was used as a loading control, and values were calculated based on the relative quantification (ΔΔCt) method. All qPCR assays were performed in biological triplicates.
behaviors (13) . The OT receives direct input from the olfactory bulb and also indirect input from the vomeronasal system accessory olfactory, which senses pheromone signals (13) . The OT is also involved in dopamine signaling and the reward system, thereby linking odors with positive or negative emotions and motivations (13) . Thus, the smaller olfactory tubercle may explain, as least in part, the feeding defects and the perinatal lethality phenotype in dKO mice.
Oligoasthenoteratozoospermia and Sterility in Male dKO Mice. Male dKO mice that survived to adulthood never produced pups when bred with fertility-proven WT adult females for 6 mo, suggesting that the dKO males are sterile. We performed gross and microscopic examination of the male reproductive organs of dKO mice ( Fig. 4 and SI Appendix, Fig. S3 ). Significant differences were observed in the weight of the epididymis, but not of the testis or seminal vesicles (SI Appendix, Fig. S4 ). Testicular histological examination revealed that the adult (10 wk old) dKO seminiferous epithelia were severely atrophic and disorganized, with only one or two layers of spermatogenic cells lining the basal membrane of the seminiferous tubules ( Fig. 4 A-D) . A smaller number of sperm (∼5-10% of that in WT) were recovered from the dKO epididymides (Fig. 4E ), and these dKO sperm displayed minimal motility. Only ∼2% of the dKO epididymal sperm showed normal morphology, compared with ∼80% of sperm of normal morphology in WT males ( Fig. 4 F-H). Resembling human oligoasthenoteratozoospermia (14) , the dKO male mice displayed low sperm counts, low or no motility, and deformed sperm, which are most likely responsible for the male sterility phenotype. Defective meiotic progression can lead to severe germ cell depletion and thus low sperm counts, and spermiogenic disruptions usually lead to motility defects and/or sperm deformation (15) . Considered together, the testicular disruptions closely correlate with the localization of the five miRNAs and likely represent the direct effects of the lack of the five miRNAs.
Infertility Due To Cilia-Less Oviducts in dKO Females. All dKO females were also infertile after breeding with fertility-proven WT males for 6 mo. Although follicular development appeared to be delayed between P10 and P30, likely arising from overall growth retardation, the number of developing follicles and corpora lutea in P60 dKO ovaries was comparable to that found in age-matched WT ovaries ( Fig. 4I and SI Appendix, Fig. S4 ). Therefore, the delayed folliculogenesis might not be responsible for the infertility phenotype in dKO females. Further supporting this notion, superovulation experiments revealed that only 2-5 MII oocytes were retrieved from the oviducts of each of the dKO females after pregnant mare's serum gonadotropin (PMSG) and human chorionic gonadotropin stimulation, whereas ∼50 MII oocytes were obtained from each of the age-matched WT females at P21, P35, or P56 ( Fig. 4J ). Examination of the postsuperovulation ovaries detected no discernible abnormalities in dKO vs. WT control ovaries (SI Appendix, Fig. S4 ), suggesting no defects in folliculogenesis and ovulation. Intriguingly, when we collected germinal vesicle (GV)-stage oocytes directly from dKO ovaries primed with PMSG, the number of GV-stage oocytes collected from dKO ovaries was similar to that collected from WT ovaries ( Fig. 4K) , and a 20-h culture in vitro led to a similar maturation rate from GV to meiosis I (MI) and meiosis II (MII) stages in WT and dKO oocytes ( Fig. 4L ). These findings strongly suggest that dKO ovaries can produce normal number of oocytes, and that ovulation can occur normally, but the ovulated oocytes cannot reach the ampulla region of the oviducts.
Given that the miR-449 and miR-34 miRNA clusters have been shown to be involved in ciliogenesis in Xenopus and zebrafish (16, 17) , it is possible that the oviducts of the dKO females have defective cilia, resulting in failure to capture oocytes during ovulation or transport of ovulated oocytes to the ampulla region. Indeed, histological examination revealed that ciliated cells were rarely seen in the epithelia of the dKO oviducts, and that cilia were largely absent in dKO oviducts ( Fig. 5 A-D). Thus, the lack of cilia in dKO oviduct epithelia is likely responsible for the female infertility phenotype, because ovulated oocytes fail to be captured, transported, or both to the ampulla region of the oviduct.
Underdeveloped Motile Cilia in Tracheal Epithelia. Motile cilia exist in the epithelia of two organs in mammals, the trachea and oviduct (18) . Given the lack of cilia in dKO oviduct epithelia, we Table S1 . (C) Body weight of control (con) and dKO male and dKO female mice at age 4 and 8 wk. Data are presented as mean ± SEM (n = 6). P values < 0.01 are statistically significant. examined the dKO trachea. We found that cilia were largely absent in the pseudostratified epithelia of the adult dKO trachea ( Fig. 5 E-H). Motile cilia in the trachea are essential for cleansing mucus from the airway, and a lack of tracheal cilia should lead to obstruction of the airway (19) . Thus, we examined the histology of the lung in more detail (SI Appendix, Fig. S5 ). The alveolar sacs in the lungs appeared to be drastically enlarged at P5 and P11 in dKO mice (SI Appendix, Fig. S5 ). Although this pathology appeared to persist into adulthood, the enlargement of the alveolar sacs became less obvious in dKO lungs compared with WT control lungs (SI Appendix, Fig. S5 ). Because mucus cleansing is critical for the respiratory functions in perinatal development, the lack of cilia in the trachea may contribute to perinatal lethality, as well as to feeding defects related to aberrant basal forebrain development.
Dysregulation of 239 Genes Directly Targeted by the Five miRNAs Are
Responsible for the Developmental Defects in dKO Mice. Because miRNAs function mainly by affecting mRNA stability (20) , we attempted to identify the target genes for the five miRNAs using an unbiased approach, RNA-Seq-based transcriptomic analyses followed by Sylamer analyses (21) . A total of 2,863, 3,427, and 4,123 genes were dysregulated in dKO male brains, female brains, and testes, respectively (SI Appendix, Table S2 ). We performed Sylamer analyses to identify the miRNAs responsible for the dysregulated mRNAs (21) . In general, the enriched seed sequences ("words with the highest peak") were not that of the five miRNAs (SI Appendix, Figs. S6 and S7).
These data imply that the transcriptomic changes observed in those dKO organs most likely represent secondary effects. This idea is plausible, given that the organs were analyzed at P10, after the developmental defects apparently had persisted for quite some time; for example, the brain defects in dKO mice became obvious as early as E18.5 ( Fig. 3 ). Therefore, we adopted an alternative approach by analyzing miRNA targets predicted by TargetScan (22-25) among dysregulated genes in the RNA-Seq data. Among the dysregulated mRNAs, the majority of target genes were up-regulated in male brain and testis samples (83-88%; SI Appendix, Table S3 ), suggesting a direct effect on target mRNA stability in the absence of the five miRNAs.
The RNA-Seq data were further validated by qPCR analyses, which demonstrated that most of the 44 representative genes displayed similar up-or down-regulation between qPCR and RNA-Seq analyses (SI Appendix, Fig. S8 ). GO term enrichment analyses classified the dysregulated genes into three major functional groups: cell fate control, brain development, and cytoskeleton organization ( Fig. 6 ). Notably, 239 (SI Appendix, Table S2 ) out of 439 targets (SI Appendix, Table S4 ), including both predicted and validated, for the five miRNAs were mostly up-regulated in dKO brain and testis (SI Appendix, Table S3 ). GO term enrichment analyses of the dysregulated mRNAs targeted by the five miRNAs revealed that these mRNAs were also classified into the same three major functional groups as the globally dysregulated mRNAs (SI Appendix, Fig. S9 ). These data indicate that the transcriptomic changes detected by RNA-Seq analyses result from dysregulation of the direct targets of the five miRNAs as well as their downstream genes involved in three major cellular functions: cell fate control, brain development, and cytoskeleton organization.
Among the dysregulated genes enriched in the three major GO terms, ∼4-5% were identified as direct targets of the five miRNAs ( Fig. 6 and SI Appendix, Tables S2 and S3 and Datasets S1-S3), further supporting that the phenotypes observed mostly represent the effects secondary to the primary defects caused by ablation of the five miRNAs during early development. Moreover, disrupted cellular processes identified by GO term enrichment analyses appear to correlate closely with the phenotypes observed in dKO mice; for example, genes involved in cytoskeletal organization/microtubule dynamics were enriched among the dysregulated genes ( Fig. 6 and SI Appendix, Table S2 and Datasets S1-S3), correlating closely with the impaired motile ciliogenesis. Overall, our unbiased mRNA profiling and GO term enrichment analyses support our tenet that the majority of the predicated target genes are truly the targets for the five miRNAs under physiological conditions, and that all of the multiple phenotypes observed-including aberrant brain development, defective motile ciliogenesis, and disrupted spermatogenesis-result from dysregulation of their direct targets as well as their downstream genes.
In summary, our work reveals an essential role of two miRNA clusters, miR-34b/c and miR-449, in normal brain development, motile ciliogenesis, and spermatogenesis. Further characterization may reveal more subtle defects, and detailed molecular analyses will define gene networks responsible for the critical developmental processes controlled by the two miRNA clusters.
Materials and Methods
Generation of miR-34b/c and miR-449 dKO Mice. miRNA dKO mice were generated by breeding miR-34b/c −/− mice with miR-449 −/− mice (8, 12) . Details are provided in SI Appendix, Materials and Methods.
Small RNA Isolation and qPCR Analyses. Small RNAs were isolated from different murine organs using the mirVana miRNA isolation kit (Ambion) according to the manufacturer's instructions. Details are provided in SI Appendix, Materials and Methods.
mRNA Isolation and qPCR Analyses. Total RNA was isolated using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. qPCR analyses were performed as described previously (26).
Histology and Immunohistochemistry. Histological analyses were performed as described previously (26). Preparation of the brain samples and immunofluorescent staining of βIII tubulin and NISSL were done as described previously (27, 28).
RNA-Seq and Bioinformatic Analyses. RNA-Seq was performed using an Illumina HiSEq. 2000 sequencer (100-bp paired-end reads). RNA-Seq data were processed using Tophat (29) and Cufflinks (30) following a published protocol (31). Ingenuity (Qiagen) was used to analyze Gene Ontology terms. miRNA target genes were determined using TargetScan (22) (23) (24) (25) , and only predictions with conserved sites were considered. Sylamer analyses were also performed as described previously (21) . Details are provided in SI Appendix, Materials and Methods.
Statistics. For bioinformatic analyses, pipeline-specific statistical methods were used as described previously (21, (29) (30) (31) . χ 2 -test was used for analyzing the data on perinatal lethality rate. Student t test was adopted for the rest of statistic analyses. *This file contains SI Materials and Methods, Figs. S1-S9 and Tables S1-S6.
SI Materials and Methods
Mouse Breeding. The Institutional Animal Care and Use Committee (IACUC) of the University of Nevada, Reno, approved all animal work. Mice were housed and maintained under specific pathogen-free conditions with a temperature-and humidity-controlled animal facility in the University of Nevada, Reno. miR-449 and miR-34b/c knockout mice were generated as described (1, 2) . All mice used in this study were on the C57BL/6J background. miR-449 -/and miR-34bc -/mice were used to generate double knockout (miR-449 -/-;miR-34bc -/-) mice using a breeding scheme as illustrated in Fig. S1 . To enhance the survival rate of dKO pups, double heterozygous or "triple-negative" littermates were removed to foster mothers as soon as the dKO pups were identified based on their smaller size, which was usually around P3-P5.
Small RNA isolation and qPCR analyses. Small RNAs were isolated from different murine organs using the mirVana miRNA isolation kit (Ambion) according to the manufacturer's instructions. For miRNA real-time qPCR, a TaqMan® MicroRNA Assay Kit (Applied Biosystems) was used, including the following assays: miR-449a (Assay ID: 001030), miR-449b (Assay ID: 002539), miR-449c (Assay ID: 001667), miR-34b (Assay ID: 002617), miR-34c (Assay ID: 000428), and miR-16 (Assay ID: 000391). All quantitative real-time PCR runs were carried out according to manufacturer's instructions. U6 snRNA (Assay ID: 001973) was used for normalization. All PCR reactions were performed in triplicate. Primer sequences are listed in Table S5 .
Collection of GV and MII oocytes through superovulation. Both WT and dKO female mice at P21, P35 and P56 were primed with pregnant mare's serum gonadotropin (PMSG, 5IU/mouse) via intraperitoneal injection (i.p.). The primed mice were sacrificed 46-48h after PMSG treatment, and the ovaries were dissected in M2 medium to release GV stage oocytes. For mature (MII stage) oocytes, mice were first injected with PMSG (5IU/mouse, i.p.) and subsequently with human chorionic gonadotropin (hCG) (5IU/mouse, i.p.) 48h after PMSG treatment, followed by collecting MII stage oocytes with cumulus cells from oviduct 14-16h after hCG treatment.
RNA-Seq. Large RNA was isolated from WT and dKO brains and testes at P10 using the mirVana RNA isolation kit (Ambion) according to the manufacturer's instructions. All samples are in biological triplicates. RNA quality and quantity were assessed using the Agilent 2100 Bioanalyzer. RNA samples were sent to the UCLA Neuroscience Genomic Core for sequencing. Each library was sequenced for three times using an Illumina HiSeq 2000 sequencer (100bp paired-end reads).
Bioinformatic analyses of the RNA-Seq data. RNA-Seq data were processed using Tophat (3) and Cufflinks (4) following a published protocol (5) . Ingenuity (Qiagen) was employed to analyze gene ontology terms with a cut off set at p<0.1 (one-way t-test).
Target genes of the five miRNAs were determined using the Bioconductor Packagetargetscan.Mm.eg.db (citation ("targetscan.Mm.eg.db") (6) . Sylamer analyses were conducted as described (7) . In brief, the cuffdiff-processed RNA differential expression data were processed by using cutoff p-value≤0.05. The significantly dysregulated genes were arranged by the order of fold change, and UTR data were obtained through the bioconductor package "Genomicranges". The arranged datasets were then processed using Sylamer and the settings were the same as those used in the miR-155 knockout mouse study (7) .
High-throughput real time quantitative PCR (HT-qPCR).
Total RNA was extracted from tissues using mirVana miRNA Isolation Kit (Ambion, Cat#. AM1560). Large and small RNA portions were fractionated according to manufacturer's protocol, followed by the DNase treatment to remove potential genomic DNA contamination. First strand cDNA was synthesized using SuperScript® III First-Strand Synthesis System kit (Invitrogen, Catalog Number 18080-051), and all cDNA samples were adjusted to the same concentration at 60ng/µl prior to specific target amplification (STA). Each reaction for STA contained a 5µl volume of mixture of the following reagents: 2.5µl 2×TaqMan PreAmp Master mix (Invitrogen), 0.5µl 500nM pooled primer mix, 0.75µl distilled water and 1.25µl cDNA sample. The samples were programmed in a conventional PCR machine using 12 cycles of amplification, followed by Exonuclease I treatment to remove potential excess primers. The recovered cDNA samples were 7-fold diluted for subsequent fluorescent dye (EvaGreen)based qPCR amplification on a Fluidigm Biomark HD system (Fluidigm). For qPCR analyses, 5µl sample mixture containing 2.5µl TaqMan gene expression master mix (2×), 0.25µl DNA-binding dye sample loading reagent (20×), 0.25µl EvaGreen DNA-binding dye (20×) and 2µl diluted cDNA sample, as well as 5µl assay mixture containing 2.5µl assay loading reagent (2×) and 2.5µl primer pairs (10µM) were loaded into inlets of a 48×48 Biomark chip (Fluidigm). The following program was setup for qPCR reaction: 10min at 25°C for thermal mixing, 2 min at 50°C for Uracil-N-glycosylase activation, 10min at 95°C for hot start activation of Taq polymerase, 35 cycles of 15 sec denature at 95°C and 1 min of annealing and elongation step at 60°C, followed by a melting curve temperature setup from 60°C to 95°C. Data were acquired and analyzed by Fluidigm Real-Time PCR Analysis Software v 3.0. Relative gene expression values were calculated based on ΔΔCt method as described before. Primer sequences are listed in Table S6 . Figure S2 . miR-34b/c and miR-449 double knockout (dKO) mice are smaller in size during postnatal development (e.g., at P7 and P14) and the size difference becomes less obvious in adulthood (e.g., at P42). Arrows point to dKO mice. Images of all panels were taken with the same magnification. Scale bar =100µm. Six WT and dKO mice at each of the four age groups were analyzed and representative images are shown. Figure S6 . Sylamer analyses of the dysregulated mRNAs in male brains (a), female brains (b) and testes (c) of dKO mice at postnatal day 10. Since the five miRNAs (miR-34b, miR-34c, miR-449a, miR-449b and miR-449c) share the same seed sequence of "GGCAGUG", we analyzed two possible 6nt seed sequence combinations, including one with the 1 st -6 th nt and the other with the 2 nd -7 th nt ("selected words"). The results suggest that the changes in mRNA transcriptome are likely caused by secondary effects due to dysregulation of miRNA direct targets in dKO organs. Figure S7 . Sylamer analyses of the dysregulated mRNAs in male brains (a), female brains (b) and testes (c) of dKO mice at postnatal day 10 using the 7mer seed sequence, "GGCAGUG", of the five miRNAs (miR-34b, miR-34c, miR-449a, miR-449b and miR-449c). The results suggest that the changes in mRNA transcriptome are likely caused by secondary effects due to dysregulation of miRNA direct targets in dKO organs. Figure S8 . High throughput qPCR analyses of mRNA levels of 44 genes in WT and dKO male brain (a), female brain (b), testis (c), and ovary (d) at P10. The 44 genes examined are either validated or predicted targets for the five miRNAs of the miR-34b/c and miR-449 clusters. All qPCR assays were performed in biological triplicates. A total of 42, 39 and 40 out of 44 genes examined displayed similar changes between qPCR and RAN-Seq analyses in male brain, female brain and testis samples, respectively. Figure S9 . Gene ontology (GO) term enrichment analyses on dysregulated mRNAs and the targets of the five miRNAs in dKO brains (both male and female) and testes. RNA-Seq data were first processed using Tophat and Cufflinks followed by GO term enrichment analyses using Ingenuity (Qiagen). P4  P5  P6  P7  P8  P9  P10  P11  P12  P13  P14  P15  P16  P17  P18  P19  P20  dKO "organization of cytoskeleton" "organization of cytoplasm" "microtubule dynamics" "morphology of cells" "formation of cellular protrusions" "cell movement" "migration of cells" "development of body axis" "formation of plasma membrane projections" "abnormal morphology of cells" Green "morphology of nervous system" "abnormal morphology of nervous system" "disorder of basal ganglia" "morphology of head" "abnormal morphology of head" "morphology of central nervous system" "abnormal morphology of brain" "morphology of brain" "neuritogenesis" "development of central nervous system" "development of head" "development of brain" "morphology of nervous tissue" "neurological signs" "neuromuscular disease" "learning" Red "Cancer" "proliferation of cells" "epithelial neoplasia" "necrosis" "carcinoma" "solid tumor" "cell death" "breast or colorectal cancer" "apoptosis" "adenocarcinoma" In RTQ primer, V is A, G, or C; N is A, G, C, or T. 
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